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DISTRIBUI'ION OF CUFWDJT CONVERSION IN POROUS 
GAS ELECTRODES 

Karl Joachlm Euler 
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F'rankfurt/Main, Germany 

pape r s  was p z i d  t o  t h e  investi~;e-';i .cri ol" tl?;t; ci1.rrcYi.i; con- 

v e r s i o n  i n  t h s  n z z r i s t  nei.,;hbcL:C1;ood cf th:rl.ph:inc Z X L ~ S ,  

- i . e .  n e a r s s t  t o  t h e  l i q u i d  - gp.5; ii!knj.scus i n  ;? si1;zle :?or? 
2 

of t h e  working e l e c t r o d e ,  B C C  b s l o w  $ 5 .  H o x w e i ' ,  

i s  only one of  sevcrn l .  i inportant l";.ictors, r 2 n p o i ~ ; i  !;le f o r  

t h e  d i s  t r i b v . t i o n  of c l i r ren t  convc r s ion  i n s i d e  e l e c t r o d e s  

of f i n i t e  t!iicki.iess. I n  t h e  fo l lowing  .sager, p l a f n e  p o r o u s  

gas e l e c t r o d e s  c o n s i s t i n g  of a t  l e a s t  tv:e l aye r s ,  hzving 

d i f f e r e n t  p o r e  d izmeter r ; ,  a r e  exa?iineZ. To t h i s  kinu o f  

e l e c t r o d e s ,  t he  gas i s  f e d  through one s u r f z c e ,  2nd t h e  

l i q u i d  e l e c t r o l y t e  ndhereo t h e  o t h e r  e l e c t r o d e  surface. 

Thickr.ess i s  sv.,poscd t o  be f i r i i t o  b u t  srnall w i t h  regard  

t o  t h e  l a t e r a l  d i z e x i c j n s ,  2nd t l i e  u s e  o f  e l e c t r o l y t e  

r e p e l l e n t  agents  iioy be @ai~er t i l . ly  excluded . * )  

2 General  Theory 

I n  m o s t  c a s e s ,  t h e  c o c ? l i c u t e d  t i : ior j r  of t r i - p h a s e  

e l e c t r o e e s  can  be reduced t o  t h e  b e t t e r  kno-m ( 9 ,  1 2 )  
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t h e  g;ei?i:ctrj. of a s m i . - i n f i r . i t e  ,-or.oi.i.s doub1.e l.p.:;er 

o:yZen e l e c t r o d e ,  nude of : : .etr?l 2 ,o .de r .  T h e  e1ectrc:: ic 

c o n d u c t i v i t y  of t h e  elec-LTode !::ctrix i s  S?J>>O?& t o  be 

high, t o  s:!.ci? :L I ? ? ~ R ? ,  tli.9.t the v o l t e ~ ; ~  d m y ,  in t h z  

e l e c t r o r .  pn th  c2.n be neg;lce+;ed. I n  t k  cover  l z y e r ,  

t h e  nzrroi:' pores  a r e  f i l l e d  c0zpl.c. t e l y  w i t h  e l e c t r o l y t e ,  

a rdno  e l e c f r i c e l  conversior,  of iolis  t o  e l e c t r c i i s  proceeds 

t h e r e i n .  Thus, t h e  cover  l a y e r  c c t s  as s imple r e s i o t o r  

i n  t h e  e l e c t r i c  ana logue ,  having  EO i .nf luence on t h e  

s ; ? a t i z l  d i s t r i b u t i o n  of c u r r e n t  conversion i n s i d e  t h e  

workinc layer. 

When we r e g a r d ,  f o r  i n s t a n c e ,  a hydrogen anode i n  alkn- 

l i n e  e l e c t r o l y t e ,  t h e  e l e c t r o c h e m i c a l  g r o s s  r e a c t i o n  

may be w r i t t e n  

H2 + 2 OH- _j 2 H20 + 2 e-. 

S i n c e  ' lnetabol is in  wast.e" water  i s  formed, w!iich n u s t  

be rerioved ikon  t h e  working l a y e r ,  e i t h e r  n i g r a t h g  i n  

t h e  l i q u i d  phase ,  o r  d i f f u s i n g ,  as  s team, i n t o  t h e  

hydrogen SUiJply system. Because t h e  wnter  lowcrs  t h e  

i o n i c  c o n d u c t i v i t y  i n s i d e  t h e  e l e c t r o d e ,  i t s  e f f e c t  

a p p r o x i n a t i v e l y  can be t a k e n  i n t o  c o n s i d e r a t i o n ,  under 

s t e a d y  s t s t e  c o n d i t i o n s ,  by i n t r o d u c t i o n  o f  a sornev;hat 

e le - ia ted  i o n i c  r e s i s t i v i t y  pi , s e e  8. 



Using t h e  E i n s t e i n  e q u a t i o n  

gas r e s i s t i v i t y  9 
D = b kT/e, i m l e d i a t e l y  a 

can be- d e f i n e d :  
g 

2 1/99 = nX b e = D nM e /kTf, 

N [ c K 3 3  c a r r i e r  d e n s i t y  D [cm2/d d i f f u s i o n  c o n s t a n t  

n number o f  elem- kT/e--, 25 mV a t  room temperature  
e n t a r y  charges  
p e r  c a r r i e r  f =  4 geometr ica l  f a c t o r ,  

i n c l u d i n g  p o r o s i t y ,  
b [cm2/Vd "physical"mobi1i  t y  t o r t u o s i t y ,  e t c .  r( 

e = 1,601'10-~~ A s  r 

I 
To be e x a c t ,  the  E i n s t e i n  equat ion  a p p l i e s  only t o  conductors  
having ?qual  n o b i l i t i e s  b+.and b- o f  c a r r i e r s  of bo th  s i g n s .  
Here,  H and OH- i o n s  Eire i n v o l v e d ,  t h e  m o b i l i t i e s  of  which 

i n  t h e  f ranevork  o f  t h i s  i n v e s t i g a t i o n ,  as becone ev ident  
h e r e  below. 

d i f f e r  c o n s i d e r z b i y .  fio:vever, on ly  an esti::ate i s  n e c e s s a r y  It 
I 

? 

I 
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I 

e = 1,601'10-19 AS ; 

we g e t  o , c i l < p  < o , I  ohm'cm. 

On t h e  o-ther hand, the  i o n i c  r e s i s t i v i t y  i n s i d e  t h c  vorki i iz  

l e y e r  can be estixnated enr,il.y, a:?<i, i n  a d d i t i o n ,  h3.S been 

measure6 by FiclthLisen ( I  1 ) ,  P o r o s i t y  i s  aronnd 50 p c t . ,  an6 

about  1 5  p c t .  t h e r e o f  a r e  f i l l e d  w i t h  e l e c t r o l y t e ,  6 n KCII 

'at 60 OC. lkk ing  i n t o  c o n s i d e r a t i o n  a t o r t u o s i t y  f a c t o r  

of  l , 5  , t h e  f i n a l  i on , i c  r e s i s t i v i t y  can be c a l c u l a t e d  t o  

Cj 20 ohn'cr;. This r e s u l t  a g r e e s  w e l l  w i t h  I I o l t h : ? ~ ~ ~  

measurexents.  

Out o f  t h e  theory  o f  two-pnase e l e c t r o d e s ,  wt: t a k e  

a corh  [orsz*l + c cosh t a S ( l - ~ * ) l - , ~ .  
Q ( z * )  = ( a + c )  s inhLxsi  (ccl.1) 

. 
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Since  e q u a t i o n  1 i r i p l i e s  d i f f u s i o n  c o n s t s n t  D and ion  

n o b i l i t y  b ,  we ca l l  0 t he  " S p e c i a l  T ranspor t  Function" 

of this t ype  of p o r o u s  gas e l e c t r o d e .  Because e i7  0 

a > c ,  the above w r i t t e n  e q u a t i o n  1 can be s i m p l i f i e d  

o r  
' 6  

,I 

'cosh [w S z]* 
Q,(Z*) = wiG's, 

o r ,  i n t r o d u c i n g  C = c/i;;-2 S 

C cosh [.C z*), 
I 

Q,(Z") = 
. e i n h  c 

I 
' I  

1 
the shape  of this f u n c t i o n  be ing  g iven  i n  f i g u r e  2. 

i s  ana logous  t o  Q(z*) the approximat ive  s p e c i a l  t r a n s p o r t  

f u n c t i o n ,  n e g l e c t i n g  gas r e s i s t a n c e .  

Q i (z* )  

To let Q(.z*) or 4;(z*) become e f f e c t i v e .  and eva luab le ,  

we have t o  i n t r o d u c e  adequa te  v a l u e s  of boundary over- 

v o l t a g e  ? , o r  bvc rvo l t age  parameter  g ,  r e s p e c t i v e l y .  
I Ur.der s t e a d y  s t a t e  c o n d i t i o n s ,  i . e .  a c o n s t a n t  c u r r e n t  / 

d e n s i t y  i f l o w i n g  t o  o r  f r o m  t h e  e l e c t r o d e ,  t h e r e  may J 
e x i s t  a f a c t o r  of !O 0.r 100 between gas concen t r a t ion  

( o r  a c t i v i t y )  i n  the gas phase and e l e c t r o i y t e .  Thus, 
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' 6  4 S t z t i s t i c z l  D i s t r i b u t i o n  of  Act ive  S i t e s  

With t h e  s p c i a l  t r e n s p o r t  f u n c t i o n  Q( z * )  , the  porous  

e l e c t r o d e  has been d e s c r i b e d  as hoaozeneous and i s o t r o p i c  

continuum. The z c t i v e  s i t e s ,  o r ,  i n  o t h e r  words, a o r k i n g  

g r a i n s  o f  i n c o r p o r a t e d  c a t a l y s t  a r e  supposed t o  be  evenly 

d i s t r i b u t e d ,  and i t s  a c t i v i t y  shal l  n o t  depend on z * ,  

From o b s e r v a t i o n s  made a t  a g r e a t  n m b e r  o f  e l e c t r o d e s ,  

we know, t h a t  t h e r e  e x i s t s  a c e r t a i n  s t a t i s t i c  d i s t r i b u t i o n  

Y ( z * )  of a c t i v e  s i t e s ,  depending on g r a i n  d e n s i t y  s t a t i s t i c s ,  

g r a i n  s i z e  s t a t i s t i c ' s ,  s p a t i a l  d i s t r i b y z t i o n  o f  a c t i v e  

proceciure, f l o c d i n ~  of ? o r e s  ecc! on s o i s o n i n s  a f t e r  a 

prolonLed F e r i o a  o f  x o r k ,  ~ o ; . : c v c r ,  j.2 g e n e r a l  Y ( z * )  ~ e y  



1 a2 

* b e  regarded  as even, Yo(z ) 1. This approxiixztion 

h o l d s  f a i r l y  w e l l  d u r i n g  t h e  f i r s t  year o f  use under 

rated load .  Later on, e x g r e s s i o n s  l i k e  Yt(z )=  1 - 
( I U Z * ) ~ ,  t h e r e i n ' n  depending on t i n e ,  0 : m < 1 , and 

q 7 1, f i t  b e t t e r .  To avoid  unadequate mathematical  

d i f f i c u l t i e s ,  we l i m i t  the  s t u d y  h e r e  t o  the  behaviour  

o f  e l e c t r o d e s  hav ing  a c t i v e  s i t e s  evenly  d i s t r i b u t e d ,  

+L 

3 t Y(e ) = Yo(z )e 1. 

5 5 .Current  D i s t r i b u t i o n  i n  a S i n g l e  Pore 

More than 100 y e a r s  ago ;a l r eady  S i r  Grove ( I ) ,  had 

some i n s i g h t  i n t o  t h e  impor t  r o l e  of t h e  t r i -phase  
I 

boundary as c u r r e n t  g e n e r a t i n g  zone o f  gas  e l e c t o d e s .  

However, n o t  e a r l i e r  than d u r i n g  t h e  p a s t  y e a r s ,  s e v e r a l  

a u t h o r s  t r i e d  t o  s o l v e  - the problem o f  c u r r e n t  convers ion  

s p a t i a l  d i s t r i b u t i o n  i n  t h e s e  t r i - p h a s e  zones,  s e e  f o r  

i n s t a n c e  (3,4,5 and 6 ) .  The r e s u l t i n g  d i s t r i b u t i o n  

f u n c t i o n s  6 (v)  a r e  w i t h  r e s p e c t  t o  a co -o rd ina te  v 

a l o n g  the s i n g l e  p o r e ,  o r  p e r p e n d i c u l a r  t o  a s i n g l e  

conve r s ion  zone.*) The o r i g i n  vhas t o  be imagined i n  

the top of t h e  meniscus,  or s imply  c e n t e r e d  t o  each 

i n d i v i d u a l  conve r s ion  zone. z ( o r  z )  and v i n c l u d e  I 

an a n g l e y  de?ending-on  t h e  g e o m e t r i c a l  s i t u a t i o n  of 

each  s i t e ,  s e e  f i g u r e  3. 

! 
*) This t r e a t n e n t  i s  n o t  r e s t r i c t e d  t o  "pore" geometry, 

but oan be e a s i l y  a p p l i e d  t o  e7e ry  geometry, j u s t  
i n s e r t i n g  2s d t h e  c h z r a c t e r i s t i c  d i s t a n c e .  
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4 
The d i s t r i h u . t i c n  $J ( v )  dei;;.i.nds consj.de?ably on 

geometr ice l  r ~ : d  p h y s i c a l  assiirz2tior:.-;, e.c.  p o r e  01' 

f i l m  geometry,  @tis diffv.sio21 a c r o s s  l i q c i d  o r  sol.ic! 

phase,  surfiiice m i g r a t i o n  of gas ato::is, c r e e > i n z  of 

electrolLTte,  e1ectroc;io:nical r e a c t i o n ,  r e t e  det???:j.riin~ 

ste:, , n a t u r e  0: wzstes fo rned  e t c .  iioyvlever, as ~ l o b a l  

c h a r a c t e r i s t i c s ,  t h e  s i n y l e  r u l e  c m  b e  rezardcd ;?s 

g e n e r e l l y  va l id  i n  n e a r l y  a l l  c a s e s , t h a t p - ( v )  d i f f e r s  

from z e r o  on ly  i n  a small i n t e r v e l  - f!i-.v on b o t h  s i d e s  

o f  t h e  co-ordinate  o r i g i n ,  and &. v be ing  comparable . .  

t o  t h e  c l i a r a c t e r i s t i c  "pore  diaineter" c1, Consequentl.y, 

each i n d i v i d u a l  conversion s i t e  can  approximate ly  be 

t r e a t e d  as a small d i f f e r e n t i a l  volurne, perhaps as 

srriall cube o r  s p h e r e ,  t h e  diernetcr s of which i s  a 

l i t t l e  b i t  l a r g e r  t h a n  t h e . p o r e  diaineter  d. I n  o u r  

s p e c i a l  c a s e ,  d . i s  of  t h e  o r d e r  of  magnitude of 30 ' pia, 

and t h e r e f o r e  s u a 1 1  when compared w i t h  elec . t rode 

t h i c k n e s s  S. 

/ 

+ 

6 6 Conbina t ion  of  8, Y and $ 
~~ ~ 

Combining t h e  aforementioned d i s t r i b u t i o n s ,  we g e t  

f o r  one s i n g l e  convers ion  s i t e  

dJ/J = 0 ( z * )  Y(z") 4 (v) dv. (eq .3)  

There in ,  $ ( v )  i s  the d i s t r i b u t i o n  i n s i d e  a s i n g l e  

s i t e ,  Y(z ) r e p r e s e n t s  t h e  ? r o b & b i l i t y ,  t h a t  s i t e s  Ere 
8 
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? * *  
l o c a t e d  i n  a c e r t a i n  d e p t h  i n t e r v a l  frorn z 

and Q ( z  ) i n d i c a t e s  t h e  f r a c t i o n  d J  of t h e  o v e r a l l  

c u r r e n t J  conver ted  i n  t h e  zone z t o  z + dz . ' S i n c e  

t h e  problem, i n  f a c t ,  i s  t o  i n i l i c z t e  t h e  convers ion  

p r o f i l e  ins ide  the .who le  working l a y e r  , we have t o  i n t e -  

grate e q u a t i o n  3 ,  t a k i n g  i n t o  c o n s i d e r a t i o n  the  ang le  y 
between t h e  co -o rd ina te s  v and z . 
o u r s e l v e s  t o  Y = Yo(z )- 1 and t o  'such e l e k t r o d e s ,  whose 

t h i c k n e s s  S > d a l l o w s  t o  approximate t h e  ina iv i c iua l  

s i t e s  as s m a l l  p o i n t - l i k e  sphe res .  Tnen t h e  i n f l u e n c e  

o f  @ -and tf d e g e n e r a t e s  s imply  t o  a f a c t o r ,  which f u r t h e r -  

more c k  be t a k e n  i n t o  account  by normal iz ing  t h e  d i s -  

t r i b u t i o n  w i t h  r e s p e c t  t o  t h e  c u r r e n t  J o f  t h e  e n t i r e  

t o  z +dz , 
* 

* * *. 

Y 
iiowever, we r e s t r i c t e d  

* 

. .  

I 

of c u r r e n t  conve r s ion  i n  t h e  working l a y e r  o f  a sed.- / 

i n f i n i t e ,  po rous  g a s  d a f f u s i o n  e l e c t r o d e  i 

, e l e c t r o d e .  Thus, we get f i n a l l y  the spa t ia l  d i s t r i b u t i o n  

I 

A Express ion  4 d o  n o t  depend on e l e c t r o d e  a r e a  A ,  t he re -  

f o r e  dJ / J  can b e  t aken ,  a t  w i l l ,  as c u r r e n t ,  o r  c u r r e n t  

d e n s i t y .  I n  most p r a c t i c a l  c a s e s ,  t h e  co lumet r i c  c u r r e n t  

load of t h e  c l e t r o d e  w i l l  be the f a v o u r i z e d ,  because 

I 

I 

i 
most ly  obvious  rnagni t ude  )1 

c l i ( z* l  = d J ( z * j  = C cosh [C z*j. (eq.5)  
. i de* J dz* s i n h  C 

t o  be neasu red  i n  ~ d / c n  3 . 
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Table 1 P e n c t r c t i o n  dcp th  'r o f  convcrsion c u r r e n t  i n  

the  workii:c l a y e r  o f  a s e n i - i n f i n i t e  porous gas 

d i f f u s i o n  electro:?e,  as f u n c t i o n  of bou.nc1nry over- 

v o l t n g e  p a r a n e t e r  & and i o n i c  r e s i s t i v i t y  pi .  
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E 
-1 -3 

( o h s  cm 

0 9 7  

092 
0 9 5  

1 
2 

- 5  

. l o  
20 

- 
s?ec i f j . c  i o n  r e s i s t i v i t y  o . ( cii~i'ci< ) , 1  

p e n e t r s  

5 , 7 3  
.$,OS 
2 , 5 7  

1,84 
1 , 2 9  
0,82 

0,57 
0,41. 

1 9 5 9  1342 1,30 
1 ,12  1,oo o,g1 
0 , 7 1  0 , 6 3  0 , 5 8  

I 

In t h e  working l a y e r  o f  marufactured s i n t e r e d  n i c k e l  

e l e c t r o d e s  p e n e t r a t i o n  d e p t h  has  been found between 0,6 

U d  0,9 am.  These r e s u l t s  r e f e r  t o  e l e c t r o d e s  o f  d i z f c r e n t  

des ign ,  both oxy&en ca thodes  and hydroZen m o d e s ,  cont-  

a i n i n g  f i n e  d i v i d e d  s i l v e r  meta l ,  and Raney n i c k 1  as 

c a t a l y s t s ,  r e s p e c t i v e l y .  Having i n  mind, t h a t  under 

s t eady  l o a d  t h e  mean i o n  r e s i s t i v i t y  Fi ap2ears  somexhat 

e l e v a t e d  above 20 ohn'cm* I ,  t h e  measured p e n e t r a t i o n  dep ths  

agree f a i r l y  w e l l  w i t h  t h e  r e s a l t s  g iven  i n  t a b l e  1. 

Consequently,  t h e  exper imente l  range o f  g, has t o  be 

assumed t o  about  5 < g < 10, i. e. t!ie upper  l i m i t  of  t h e  

*) s e e  0 9. 
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e l e c t r o l y t e  r q e l l e n t  b u t  c o r r e c t l y  vmrkin:;, os', on 'she 

. o t h e r  s i d e ,  co i ip l e t e ly  hydroghobic b u t  n o t  ~~r i?e2 'L: r  sLLite6, 
1 t o  t h e i r  e l e c t r o c h e x i c a l  ciu.ties. 

During t h e  p a s t  y e a r s ,  very  t h i n  t r i p 1 2  layer carbon 

e l e c t r o d e s  have  been developed by Kordesch (lJ>). Thesc 

e l e c t r o d e s  c o n s i s t  of a s i n t e r e d  n i c k e l  f o i l  es s u b s t r a t e ,  , 
a b o u t  0,18 nm i n  t h i c k n e s s ,  and completely m t e r  r e p e l l e n t  

by a d d i t i o n  of some PPFE. O n  t h i s  suppor t ing  s h e e t ,  a 

c o a r s e  carbon l a y e r  i s  sp rayed ,  composed o f  50 p c t  o f  

carbon powder and 50 p c t  PTFX and PE. This  i n n e r ,  so- 

c a l l e d  "backing" carbon l a y e r  i n c o r p o r t e s  no  c a t e l y s t .  

Its t h i c k n e s s  i s  a b o u t ' o , 2 5  mm. F i n a l l y ,  the e l e c t r o d e  

is covered by a t h i r d  l a y e r ,  c o n s i s t i n g  of 75 p c t  of 

carbon and 25 p c t  X3, hav ing  also abou t  2 mg/cm2 o f  

I 

PTFE 

pla t inum b l a c k  as c a t a l y s t .  The tn i c i ines s  o f  t h i s  upper ,  

so -ca l l ed  a t a c t i v e t t  carbon l a y e r  i s  about  0,13 im. 

The large amounts oi' e l e c t r o l y t e  r e p e l l e n t  a g e n t s  in- 

co rpora t ed  i n  t h e  two under  l a y e r s ,  h o i d s  then  f r e e  o f  

e l e c t r o l y t e . .  However, i n  t h e  upper l a y e r ,  t i e  PTPS a c t s  

p r e f e r a b l y  as b ind ing  a g e n t  and, t h e r e f o r e ,  t h i s  a c t i v e  

l a y e r  is p a r t l y  filled w i t : ?  e l e c t r o l y t e .  Phis  k i n d  o f  
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e l e c t r o d e s  a r e  ciesl-ned f o r  a v e r y  1011 ~ 2 s  pressure, 
2 l e s s  t h a n  o , l  kp/cn p g e .  ' i 'herefoze, a l r e a d y  t h e  

very t h i n  f i l z  OJ? e l e c t r o l l f t e ,  a d h e r e n t  t o  t h c  o u t c r  

s u r f a c e  of the. e l e c t r o d e  avoid gas l o s s e s .  

I n  p r i n c i G l e ,  n u l t i l a y e r ,  p a r t l y  hydrophobic e l e c t r o d e s  

obey t h e  s m e  theory  as h y d r o p h i l i c  two-layer arrange!ne:its. 

Only a thorou&h s tudy  of  t h e  parar ie ters  i s  r e q u i r e d  i n  

those  cases .  

Since t h e  a c t i v e  l a y e r  e x h i b i t  a thicknt-ss  of  no' Inore 
than  0.13 mn, we are l e d  t o  the  conclus ion ,  t h a t ,  in ,  

' .  hydrophobic carbon e l e c t r o d e s ?  and/or n u s t  be h i g h e r ,  
than  i n  h y d r o p h i l i c  n i c k e l  s i n t e r e d  e l e c t r o d e s .  I n  f a c t ,  
bo th  assumptions are reasonable .  E l e c t r o l y t e  f i l m s  OF 
a p a r t l y  r e p e l l c g t  s u b s t r a t e n  o f t e n  w i l l  be i n t e r r u p t e d .  . 
Therefore ,  the u a i n  i o n  r e s i t i v i t y  os^ t h e  e l e c t r o l y t e  
network becones s u b s t a n t i a l l y  h i g h e r ,  than  on h y d r o p h i l i c  

f e d  t o  thn conver t ing  s i t e s  7;hrough v e r y  narrow s l i ts  and 
,cliannels i n  t h e  s o l i d  m a t e r i a l  r a t h e r  t h a n  d i s s u s i o n  
a c r o s s  l i q u i d  f i l m s .  Thus, t h e . a c t i v i t y  between g a s  phase 
and e l e c t r o l y t e ,  i n  t h i s  type  of e l e c t r o d e  d i f f e r s  c e r t a i n l y  
l e s s ,  than  i n  h y d r o p h i l i c  ones,  Consequent ly ,  t h e  over- 
v o l t a  e I+) , as caused by t h i s  d i f f e r e n c e  must be lower ,  
g - l$y must be higher,. 

s m a t e r i a l s .  I n  carbon e l e c t r o d e s ,  t h c  r e a c t i o n  g a s e s  a re  

Thus, i t  s e e m  l i k e l y ,  t h a t g a s  r e s t i v i t y ?  

e l e t i v i t y  3, remain sua11 as compared t o  i o n  r e s i s t i v i t y  

and e l e c t r o n  re- 
g 

and p fi. Since exact v a l u e s  of Q i  s p e c <  F i  g 
p o r o s i t y ,  pore  d i a m e t e r ,  and f r a c t i o n  of pores  f i l l e d  

have n o t  been p u b l i s h e d ,  a q u s i n t i t a t i v e  coronarison w i t h  

the t h e o r y  cannot y e t  be accoagl i shed .  

. .  



190 

9 9 Non-uniforz IOR R e s i s t i v i t y  

( 
In a r e c e n t  p a p e r  (15), i t  hgs been shown, t h z t  "s t ran&e" * )  

t y p e s  of c u r r e n t  d i s t r i b u t i o n s  occur  i n  porous e l e c t r o d e s ,  

i f  i o n  arid e l e c t r o n  r e s i s t i v i t i e s  do not  rer ia in  homo;eneous, 

bu t  depend o n  t h i c k n e s s  co-ordinate  z . Under s t e a d y  

s t a t e  c o n d i t i o n s ,  i n  hydrogen anodes water i s  formed, and 

i n  oxygen ca thodes  water  i s  consumed. Thus, c o n c e n t r a t i o n  , 

p r o f i l e s  K(z  ) o c c u r ,  which inl"1uences i o n  c o n d u c t i v i t y .  

The "zero c u r r e n t "  e l e c t r o l y t e  e x h i b i t  n e a r l y  t h e  i o n  re- 

! 
si 

1 

* 
I 

s i s t i v i t y  minimum, and any change i n  c o n c e n t r a t i o n  K w i l l ,  

t h e r e f o r e ,  c a u s e  an i n c r e a s e  o f  i o n  r e s i s t a n c e  pi. 
e v e r ,  t h e  e x a c t  c o n c e n t r a t i o n  -and t h e r e f o r e  a l s o  r e s i s t i -  

v i t y -  p r o f i l e  i s  s o  far n o t  y e t  known, 

How- 

* 
However, t h e  i n f l u e n c e  o f  r e s i s t a n c e  p r o f i l e s  p i ( z  ) can 

be s t u d i e d  w i t h o u t  e x a c t  knowledge of t h e i r  magnitude, 

s i m p l y  b y  p u t t i n g  d i f f e r e i t  o b l i q u e  p r o f i l e s  i n t o  the 

e l e c t r i c a l  ana logues .  A s  a f i r s t  s e r i e s ,  we took  l inear  I 

c o n c e n t r a t i o n  p r o f i l e s  ~ ( 2 % )  : 
I 

Jt * * 
K(z ) = K, - K2(1-z ) , z = z/S (.equ. 6 a )  

having d i f f e r e n t  c o n s t a n t s  K2. 

o f  t h r e e  l i n e a r  c o n c e n < r a t i o n  p r o f i l e s  on c u r r e n t  d i s t r i b u t i o n  

i s  given. 

I n  f i g u r e  4 ,  t h e  i n f l u e n c e  
I 

~~ 

*li. e. d i s t r i b x t i o n s  e x h i b i t i n g  a maximum i n s i d e  
t h e  e l e c t r o d e ,  i n s t e a d  of a broad 
m i n i a m  2s i n  flcoi?.zon'' d i s t r i b u t i o n s  
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t r a t i o n  ~ r o f i 1 . e  l O i ! e r ;  t h e  c u r r e n t  d i s t r i b u t i o n  mer tine 

g a s  s i d e  o f  t h e  e l e c t r o d e ,  i . e .  nez r  Z N  0 . I n  o t h e r  words,  

t h e  p e n e s r r t i o n  de?t?i hea b e e n  ciecreased. 

\ 

I n  o r z c r  t o  v e r i f y  t h i s  resu . l t ,  as a second s e r i e s ,  y e  

a l s o  too:< silse o t h e r  i o n  r e a i s i i v i t x  p r o f i l e s  i n t o  ' the  

analogue.  Tine r e s u l t  i n d i c a t e d  i n  f i g u r e  5 does n o t  

d i f f e r  considerably T r o a  t h e  influence o f  l i n e a r  c o n c e n t r a t i o n  

p r o f i l e s ,  2-3 is evidcr i t  wher. co:!:;inrin;: fi,.;. 4 aiid 5. 

\ 
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Table 3 

Concentretiori  3 r s f i l ~ e z  o f  f i j i : r c  5 

Exponent ia l  aiid t g h  p r o f i l e s  a r e  g i v e n  by  

*‘ .k 
K(z ) -  = IC, expr-K2(1-z - )] (egu. 6 b )  

K 1  .k 
and 

K(z*) = T + K3 tgh [K4(  - z g. (equ.  G c )  

As main r e s u l t ,  we can  s t a t e ,  t h a t  c o n c e n t r a t i o n  ; , ro f i l e s  

i n  t he  e l e c t r o l y t e  do  n o t  cause  u n u s u a l  d i s t r i b u t i o n s  o f  

the cur ren t  conve r s ion  i n  porous t r i p h a s e  e l e c t r o d e s .  

Gspec ia l ly ,  ” s t r a n g e ”  d i s t r i b u t i o n s  do  o c c u r  he re .  

I n  o r d e r  t o  r e p l e r - i s h  t h e  r e s u l t s ,  i n  f i g m e  6 t h e  

i n f l u e n c e  0; overvo l t age  p r o f i l e s  on cur rer - t  d i s t r i b u t i o n  

i n  p o r o u s  t r i? ,?ase  e l e c t r o d e s  i s  sho;r.n, e l t h e r  hcving  



, curve  
I? 0 

fig.6 
i n  

( 1 )  
(2) 

* ( 3 )  

, 

* 
KOII c o n c e n t r a t i o n  K(z ) o v e r v o l t a g e  ( z * )  
( p c t .  of weight )  ( r e l a t i v e  u n i t s )  

* * * 
type of a t  z= 0 a t  z*= 1 t y p e  Of a t  z = 0 a t  z = 1 p r o f i l e  p r o f i l e  

const .  27 27 c o n s t .  1 1 

cons t .  2 7 27 l i nea r  9 1 

ex?. 4,5*) 27 l inear  9 ’  1 

\ 

\ 
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uniform i o n  r e s i s t i v l $ , y  (curve  2 - ) ,  e i t l i e r  i- co::,jin-- 

a t i o n  w i t h  e x p o l i i n t i e l  cocccntxt:tior, 2rof i lc : ;  ( c s r v c  3 ) .  

Already i n  ( 1 4 )  i t  m s  expla ined ,  t i int  overvolczge 

p r o f i l e s  i n f l u e n c e s  tile d i s t r i b u t i o n  of c u r r e n t  convers ion  

m ~ c h  l e s s ,  thzn  r e s i s t i v i t y  p r o f i l e s  do.  ?he profi1.e 

chosen h e r e  i s  v e r y  s t e e p ;  a nii ic-fold increas i .  o f  over- 

v o l t a c e  over a d i s t w c e  o f  o n l y  1 IaIri, i s  co::!pletely o u t  

of  t h e  range t o  be e v e r  expected i n  m m u f a c t u r e d  e l e c t r o d e s .  

Therefore ,  i t  can be a f f i n ? e d ,  t h a t  e l s o  i n  porous t r i p h a s e  

e l e c t r o d e s ,  the  in3 luence  of  r e a l i s t i c  overvol tage  p r o f i l e s  

rez2ains sxa11. mer .  taiciziz s t c o p  overvol tage  p r o f i l e s  

i n t o  c o n s i d e r a t i o n ,  no uncornzion d i s t r i b u t i o n s -  o c c u r  i n  

t h o s e  t r i p h a s e  e1ecl;rodes u n d e r  c o n s i d e r a t i o n .  

Table 4 
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,.,. me trc;-atnent oL' c u r r e n t  cor ivcrs icn end i.ts d i s t r i b u t i o n  

i,- .L,i6e - the v:orking l a y e r  o f  porous gas e l e c t r o d e s  -tri- 

2iiaso e l e c t r o d e s -  can be s u b s t a n t i a l l y  s i s p l i f i e d  by 

reaucjGing t k e  ? r o b i e c  t o  t h e  ICluch b e t t e r  known theory  

of porous e l e c t r o d e s .  The o n l y  c o n d i t i o n  i s t ,  that 

e l e c t r o n  r e s i s t i v i t y  can  be n e g l e c t e d ,  as i t  i s  t h e  case 

for i n s t a n c e  i n  a l l  p r a c t i c a l  f u e l  c e l l  e l e c t r o d e s .  To 

r w l i z e  t h i s  t h e o r y ,  gas supply can be c h u a c t e r i z e d  by 

a " g 2 s  r e s i s t i v i t y "  t o  be neasured i n  e l e c t r i c a l  u n i t s .  
. .  

The d i s t r i b u t i o n  of c u r r e n t  convers ion  can be found o u t  

as t h e  p r o d u c t  o f  t h r e e  rcain f a c t o r s ,  t h e  s p e c i a l  t r a n s p o r t  

f u n c t i o n  8, t h e  c u r r e n t  d i s t r i b u t i o n  i n  a s i n g l e  c u r r e n t  

gene1:at;in; s i t e ,  and t h e  s i t e  statistics. The f i rs t  o f  

t h e s e  f a c t o r s  governs t h e  convers ion  behaviour  a t  ieast  

of s i n t e r e d  metal e l e c t r o d e s .  

of the  work r e p o r t e d  h e r e ,  f o l l o w i n g  the r u l e s  mentioned 

above ,  nonotonous d i s t r i b u t i o n  c u r v e s  can be given.  A r 

p e n e t r a t i o n  d e p t h  can be d e f i n e d ,  having  t h e  o r d e r  o f  I 

s m e r a l  te:ith o f  a m i l l i m e t e r .  The r e s u l t s  a g r e e  with , 

p r a c t i c a l  exper ience .  By i n t r o d u c i n g  c o n c e n t r a t i o n  

a n d / o r  o v e r v o l t a g e  ? r o f i l e s ,  t h e  t h e o r y  can  be f u r t h e r  / 

developed.  As s p e c i a l  r e s u l t ,  no " s t r a n g e "  d i s t r i b u t i o n s  

occilr under  t n e s e  c o n d i t i o n s .  

As a p r i n c i p a l  r e s u l t  

I1 
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e -  e -  e -  e -  
t t t t / cover layer 

/ 

thickness 
z=o  co -ordinate 

thickness S 
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- ..- 
Figure 2 

Shape of special trensport functions 6 i (  z*  ) in working 
layers of porous gas e l e c t r o d e s ,  equztior! 2 a o r  2 b. 
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r- working layer ~--J,cover layer 

z=o Z = S  

., - 
F i g u r e  3 

E e l a t i o n s  betveei i  e l e c t r o d e  co-ord i r ia tc  7, cnd i r !d . i .v i .c i . ! jd  s i ts  
co-ordinate v. z *  = z/S. 

? 

\ 
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percent current / A t  = 0.1 mm 
1 

c- ions 
0 0.2 0,4 0.6 0.8 1.0 mm 

thickness co-ordinate z 

E’igura 4 

I n f l u e n c e  of l i n e a r  c o n c e n t r a t i o n  p r o f i l e s  K ( z )  on c u r r e n t  
d i s t r i b u t i o n  in porous  t r i p h a s e  e l e c t r o d e s .  Thickcess of working 

-1 -3  l ayer  S = I mn, overvol.tage pa rme tex=  c; = I O  o h  CIL . 
Concentration profile .parameters  are given i n  t a b l e  2. 
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percent current / d z  = 0,l mm 

t 

0 . 0,2 0,4 0,6 0,8 1.0 mm 
thickness co-ordinate z 

Figure  5 . .  

I n f l u e n c e  of e i f f c r c n t  shcpo of t h e  cor:cer.tI:?.ti or! p r o f j . l e  i;( z )  
on c~rr .e : - t  d i s t r i b n t i o n  i n  po rous  tr ip 'r ,as? e l ec t i -o&s .  Thickness  
of v : 3 r % i E G  l a j o r  S = 1 n n ,  ovcrvoltegc ?srar..cter = I C )  01:r CE . 
Concant ra t ion  p r o f i l e s  ere g i v e n  i n  t a b l e  3 .  

-1 --3 
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percent current / Az = 0.1 mm 

ions 
I 0 0.2 0.4 0.6 0.8 1.0 mm I 

thickness co-ordinate z 1 

4 
F i g u r e  6 A 

InfIuer,ce of 8 l i n e e r  overvoltsEe p r o f i l e  ~ ( z )  on c u r r e n t  ( 

d i s t r i b u t i o n  i n  p0ro:s t r i p t r s e  e l e c t r o d e s .  Th ickness  of norking ! 
layer S = 1 a, peraretcrs ioaicated in teble  4. I 

li 


